The numerical integration was performed by using a procedure developed by Becke et al. [2] The molecular orbitals (MOs) were expanded in a large uncontracted set of Slater-type orbitals (STOs, no Gaussian functions are involved) containing diffuse functions: A triple- quality basis set was used for all atoms, [3] augmented with two sets of polarization functions for H (2p, 3d), F, P and Cl (3d, 4f), Cu and Br (4p, 4f) , Ag and I (5p, 4f) and Au (6p, 5f ). An auxiliary set of s, p, d, f and g STOs was used to fit the molecular density and to represent the Coulomb and exchange potentials accurately in each self-consistent field (SCF) cycle. All electrons were included in the variational treatment (no frozen-core approximation was used). If not otherwise stated (see benchmark study below) for all calculations, the generalized gradient approximation (GGA) at the BLYP level was used; exchange is described by Slaters X potential, [4] with nonlocal corrections due to Becke [5] added self-consistently, and correlation was treated by using the Lee-Yang-Parr gradient-corrected functional. [6] Relativistic effects were included with the scalar-zero-order-regular-approximation (ZORA). [7] In addition, the D3(BJ) dispersion correction was used. [8] Non-constrained energy minima have been verified through vibrational analysis. [9] The PyFrag program was used to facilitate the analyses of the bonding mechanism as a function of the metal-metal distance (rMM). [13] 
Benchmark Study
The computational details using the LC-PBE-XDM, MP2 and CCSD(T)/CBS levels of theory can be found in Ref. 10 . Geometries of the group 12 metal dimers and [H3P-M-H] dimers (with M = Cu, Ag and Au) were optimized at ZORA-M06-2X/TZ2P, [11] ZORA-BP86-D3(BJ)/TZ2P [5b, 12] and ZORA-BLYP-D3(BJ)/TZ2P level of theory. The monomers of the [H3P-M-X] complexes and of CH4 were also optimized at the same level of theory. The mean absolute error (MAE) is based on the absolute error between the CCSD(T) results and the corresponding level of theory. It is calculated by adding the absolute errors and dividing the S2 sum by the total amount of systems of which the binding energy was calculated. Except for ZORA-BP86-D3(BJ), dispersion corrected DFT based methods, especially ZORA-M06-2X
and ZORA-BLYP-D3(BJ), give small mean absolute errors (MAE) for the tested model systems. Table S1 . Benchmark on the dimerization energies of group 12 metal dimers. Values in kcal/mol. [10] LC-ωPBE-XDM [10] ZORA-BLYP-D3(BJ) MP2 [10] ZORA-M06-2X ZORA-BP86-D3(BJ) [10] LC-ωPBE [10] ZORA-BLYP-D3(BJ) MP2 [10] ZORA-M06- [10] LC-ωPBE [10] ZORA-BLYP-D3(BJ) MP2 [10] ZORA-M06-
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Coordinates and Constraints
Constraints for the optimization of perpendicular dimers
The constraints for the optimization of the perpendicular dimers were identical for the calculations on ZORA-BLYP-D3(BJ)/TZ2P, ZORA-BP86-D3(BJ)/TZ2P and ZORA-M06-2X/TZ2P levels of theory:
For the optimization of the head-to-tail dimers, the constraints were as follows: 
ZORA-BP86-D3(BJ)/TZ2P
Cartesian coordinates (in Å) of all molecules computed at ZORA-BP86-D3(BJ)/TZ2P in gas phase. 
